The spin Hamiltonian g factors and the hyperfine structure constants for V 2+ in CsMgX 3 (X = Cl, Br, I) are theoretically studied by using the perturbation formulas of these parameters for a 3d 3 ion in octahedral symmetry, based on the cluster approach. In such formulas, the contributions from the s-orbitals of the ligands were usually neglected. Here they are taken into account. The theoretical results (particularly the g factor for CsMgI 3 ) show a significant improvement compared with those in absence of the ligand s-orbital contributions in the previous studies.
Introduction
CsMgX 3 (X = Cl, Br, I) is attracting attention due to its luminescence in doped crystals [1 -3] . The properties of CsMgX 3 depend largely on the electronic and local structure of excited impurity ions (transitionmetal or rare earth). Electron paramagnetic resonance (EPR) experiments were carried out on CsMgX 3 doped with transition-metal ions [4, 5] . For example, the spin Hamiltonian g factors and the hyperfine structure constants were measured for V 2+ in CsMgX 3 [5] . Later, systematic and instructive studies have been made on these g factors using a perturbation formula of the g factor for a 3d 3 ion in octahedral symmetry, based on the cluster approach [6] . In this formula, both the spinorbit (S.O.) coupling coefficients of the central metal and the ligand ions as well as the p-orbitals of the ligands are taken into account. However, the agreement between theory and experiment was not very good for X = I, where the S.O. coupling coefficient of the ligand is even much larger than that of V 2+ . To some extent, the contributions from the S. O. coupling of the ligand I − seem to be overestimated, leading to theoretical g factors significantly (about 40%) larger than the experimental ones. In order to better determine the spin Hamiltonian parameters of CsMgX 3 :V 2+ in this work, the s-orbitals of the ligands are introduced in 0932-0784 / 05 / 0300-0145 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com the single-electron wavefunctions of the 3d 3 octahedral cluster. Based on the cluster approach, the previous theoretical model and formulas are improved in consideration of the ligand s-orbital contributions. Then the above formulas are applied to the studied CsMgX 3 :V 2+ .
Theory and Calculation
CsMgX 3 is isomorphous with CsNiCl 3 . Its structure is hexagonal with parallel linear chains of [MgX 6 ] 3− octahedra shearing faces [5, 7] . For a V 2+ (3d 3 ) ion in octahedral symmetry, the perturbation formulas of the g-shift ∆g(= g− g s , where g s = 2.0023 is the spin-only value) and the hyperfine structure constant based on the cluster approach (or the two-S.O.-coupling coefficient model) can be written as [8, 9] The energy denominators E 1 , E 2 and E 3 are defined in [8] . In treatments of the cluster approach, the contributions of the s-orbitals of ligands are usually neglected [6, 8, 9] . Here they are considered. Thus, the total single electron wavefunction including the contributions from the s-orbitals of ligands may be expressed as
where ϕ γ (γ = e and t denote the irreducible representations of the O h group) are the d-orbitals of the central metal ion. χ pγ and χ s stand for the p-and s-orbitals of the ligands. N γ and λ γ (or λ s ) are, respectively, the normalization factors and the orbital mixing coefficients. From the semiempirical method [8] one can denote the ratio of the electrostatic repulsion in the crystal to that of the free ion as
Utilizing the Mulliken approximation [10] and neglecting the small terms of λ γ 3 and λ γ 4 from the above formula, we have the following relationship
f e = N e 2 1 + λ e 2 S dpe 2 + λ s 2 S ds 2 − 2λ e S dpe − 2λ s S ds .
In addition, the normalization conditions for the wavefunctions can be expressed as
S dpγ (and S ds ) are the group overlap integrals. In general, the admixture coefficients increase with increasing group overlap integrals, and one can approximately assume a proportional relationship between the mixing coefficients and the related group overlap integrals, i. e., λ e /S dpe ≈ λ s /S ds within the same irreducible representation e g . Usually, f γ can be determined from the ratio of the Racah parameters for a 3d 3 ion in a crystal to those in free state, i.e., f t ≈ f e ≈ (B/B 0 + C/C 0 )/2. From the cluster approach containing the ligand sorbital contributions, the S. O. coupling coefficients ζ , ζ ', the orbital reduction factors k, k , and the dipolar hyperfine structure parameters P and P for the 3d 3 ion in an octahedral cluster may be written as
where ζ d 0 and ζ p 0 are the S. O. coupling coefficients of the free 3d 3 and the ligand ions, respectively. P 0 is the dipolar hyperfine structure parameter for the 3d 3 ion in free state. A denotes the integral R ns| ∂ ∂γ |np y , where R is the metal-ligand distance of the studied system. Obviously, when taking S ds = λ s = 0 and A = 0, the above formulas return to those in absence of the ligand s-orbital contributions [6, 8, 9] .
The distance R is about 2.496, 2.662 and 2.899Å for X = Cl, Br and I, respectively [7] . From the distance R and the Slater-type SCF functions [11, 12] , the group overlap integrals S dpγ (as well as the integrals S ds and A) are obtained. These values are shown in Table 1 .
The spectral parameters Dq, B and C can be obtained from optical spectra of these systems and similar [VX 6 ] 4− clusters in VX 2 [13 -15] . By using (4) -(6) and the free-ion parameters B 0 ≈ 766 cm −1 and C 0 ≈ 2855 cm −1 [16] for V 2+ , the parameters f γ and hence N γ and λ γ can be calculated. From the free-ion values ζ d 0 ≈ 167 cm −1 [16] , P 0 ≈ 128 × 10 −4 cm −1 [17] for V 2+ and ζ p 0 ≈ 587, 2460 and 5060 cm −1 for X = Cl, Br and I [18] , the parameters ζ , ζ , k, k , P and P are calculated from (6) and shown in Table 1. The core polarization constant in the formula of the hyperfine structure constant can be expressed as κ ≈ −2ξ /(3 r −3 ), where ξ is characteristic of the 
Calculations based on the cluster approach (i. e., two-S.O.-coupling coefficient formulas) including only the contributions from the p-orbitals of the ligands, i. e., treatment in [6] .
c Calculations based on the cluster approach in consideration of the contributions from both the p-and s-orbitals of the ligands in the present work. density of unpaired spins at the nucleus of the central metal ion and r −3 is the expectation value of the inverse cube of the radial wavefunction of the 3d-orbital [19] . From the values r −3 ≈ 2.748 a.u. [19] for V 2+ and ξ ≈ −2.32 ∼ −2.67 a.u. [17] for the similar octahedral [VCl 6 ] 4− cluster in CdCl 2 and VCl 2 solution, we approximately take κ ≈ 0.61 for the studied CsMgX 3 :V 2+ here.
Substituting these parameters into (1), the g factors and the hyperfine structure constants for the studied systems are obtained and collected in Table 2 . For comparisons, the calculated results by neglecting the contributions of the s-orbitals of the ligands (i.e., S ds = λ s = 0 and A = 0, corresponding to the treatment in [6] ) and those based on the conventional crystalfield model (i.e., Table 2 .
Discussion
From Table 2 one can find that the theoretical spin Hamiltonian parameters for the studied systems including the ligand s-orbital contributions show better agreement than those in absence of these contributions (or the results of conventional crystal-field model) with the observed values. This means that the theoretical model established in this work and the related parameters adopted here can be regarded as reasonable.
Compared with the results of the conventional crystal-field model, the cluster approach in [6] indeed yields improved g factors for all systems, particularly it offers the correct (or positive) sign of ∆g for X = I by producing a negative value of ζ . However, the theoretical ∆g (by neglecting the ligand s-orbital contributions) for X = I is about 40% larger than the experimental value, suggesting that the contributions from the S.O. coupling of the ligand I − are overestimated. In fact, inclusion of the s-orbitals of the ligands decreases explicitly the parameters N e and λ e [see (5)] and reduces less the magnitudes of k and ζ ' [see (6) ], and finally leads to a smaller value of ∆g [see (1) ]. Obviously, the above effect of reduction is sensitive to the magnitude of the S.O. coupling coefficient of the ligand. Thus, the significant improvement of the calculated g factor (especially for X = I) by considering the ligand s-orbital contributions can be understood. Further, the previous assumption that the contributions of the s-orbitals of the ligands may be negligible for 3d n ions in octahedra (e.g., KNiF 3 ) [20, 21] seems not always suitable for the ligand having a too much larger S.O. coupling coefficient (e.g., I − ), and so the ligand s-orbital contributions should be considered in studies of the g factors. On the other hand, the hyperfine structure constant, which may be largely proportional to the normalization factors [see (1) and (6)], is not so much dependent on the ligand (p-and s-) orbitals.
In the above calculations, only the contributions from the crystal-field mechanism (related to the crystal-field energy levels) are considered, while those from the charge-transfer (CT) mechanism (related to the charge-transfer energy levels) are ignored. According to our recent studies for 3d 3 ions in oxides [22] , the contributions to the g-shift from the CT mechanism can be estimated as
with the CT energy separation [23] E n ≈ 30, 000[χ(L) − χ(M)].
Here χ (L) and χ (M) are, respectively, the optical electronegativities of the ligand and the metal ions. In the studied systems, χ(Cl − ) ≈ 3.4, χ(Br − ) ≈ 3.3 and χ(I − ) ≈ 3.0 [23] . The value χ(V 2+ ) ≈ 0.9 can be obtained from those for similar isoelectronic Cr 3+ and Mn 4+ by extrapolation. Thus, one can approximately estimate ∆g CT ∼ 0.0003, 0.0008 and 0.002 for X = Cl,
